ABSTRACT Molecular dynamics simulations of wild-type bacteriorhodopsin (bR) and of its D85N, D85T, D21 2N, and Y57F mutants have been carried out to investigate possible differences in the photoproducts of these proteins. For each mutant, a series of 50 molecular dynamics simulations of the photoisomerization and subsequent relaxation process were completed. The photoproducts can be classified into four distinct classes: 1) 13-cis retinal, with the retinal N-H+ bond oriented toward Asp-96; 2) 13-cis retinal, with the N-H+ oriented toward Asp-85 and hydrogen-bonded to a water molecule; 3) 13,14-di-cis retinal; 4) all-trans retinal. Simulations of wild-type bR and of its Y57F mutant resulted mainly in class 1 and class 2 products; simulations of D85N, D85T, and D212N mutants resulted almost entirely in class 1 products. The results support the suggestion that only class 2 products initiate a functional pump cycle. The formation of class 1 products for the D85N, D85T, and D212N mutants can explain the reversal of proton pumping under illumination by blue and yellow light.
INTRODUCTION
To maintain a proton gradient across the bacterial cell membrane, Halobacterium salinarium under anaerobic conditions will express the protein bacteriorhodopsin (bR), which functions as a light-driven proton pump (Oesterhelt and Stoeckenius, 1973) . The pump derives energy through absorption of a photon by a retinal chromophore, bound via a protonated Schiff base linkage to a lysine residue. Recent reviews discuss the structure and proton pump function of bR Ebrey, 1993; Schulten et al., 1995) .
It is generally accepted that the bR proton pump cycle (Lozier et al., 1975) (Lanyi, 1992) . FTIR spectroscopy and observations of bR mutants have identified residues directly involved in the proton pump pathway, namely Asp-85 (Mogi et al., 1988; Subramaniam et al., 1990; Otto et al., 1990) , (Mogi et al., 1988; Otto et al., 1990) , Asp-96 (Mogi et al., 1988; Holz et al., 1989) , and Glu-204 (Brown et al., 1995; Balashov et al., 1995; Richter et al., 1996) . These findings have been corroborated by the three-dimensional structure of bR568, de- termined by electron cryomicroscopy (Henderson et al., 1990) , which revealed a channel involving the mentioned residues. Early observations of dehydration effects (Korenstein and Hess, 1977) as well as neutron diffraction studies (Papadopoulos et al., 1990) , FTIR spectra (Maeda et al., 1994) , and molecular dynamics simulations (Zhou et al., 1993; Humphrey et al., 1994 Humphrey et al., , 1995 ) also attribute to water molecules an active role in the proton pump activity of bR. Fig. 1 provides a view of bR568 that exhibits water molecules in the proton channel as well as key residues. Several water molecules are seen in Fig. 1 to form a network of hydrogen bonds with charged and polar amino acids near the Schiff base linkage of retinal; three water molecules (WA, WB, WC) interact directly with the Schiff base N-H+, water WA being directly hydrogen-bonded to the Schiff base in bR568-Even though the proton channel has been structurally identified, it is still an open question how protons are transferred irreversibly between the cytoplasmic and the extracellular side of bR. MD simulations of the picosecond Xu et al., 1996) , nanosecond to microsecond , and later intermediates of the pump cycle suggest that the irreversible transfer of protons requires the photoisomerization of retinal toward a torsionally deformed 13-cis geometry that is stabilized through a strong interaction of the Schiff base proton with a water molecule forming a bridge / FIGURE 1 Refined bacteriorhodopsin bR568 structure (Humphrey et al., 1994) used as a starting point in the simulations reported. Shown are the seven transmembrane helices of bR along with internal water molecules and key residues participating in the proton pump cycle. Helices C and D are presented as thin cylinders to reveal the protein interior.
to Site-directed mutagenesis experiments have already contributed much to our understanding of the function of bR. Experiments involving bR mutants D85 {N,T,E,A} (Mogi et al., 1988; Subramaniam et al., 1990; Otto et al., 1990) Balashov et al., 1995) have shown these ionic groups near retinal to control the yield of the pump. Sitedirected mutagenesis has also pointed to Glu-204 as the group responsible for accepting the proton from Asp-85, before releasing it to the extracellular domain (Brown et al., 1995; Balashov et al., 1995; Richter et al., 1996) (Mogi et al., 1988; Needleman et al., 1991) . Mutation of Asp-85 in bR to a nonnegative residue results in a significant change in the pKa of the Schiff base, lowering it in many cases by [5] [6] [7] units (Otto et al., 1990) . Replacement of Asp-85 by asparagine or threonine can result in a reversal of the direction of proton transfer, when yellow and blue light is applied and two photons are absorbed in a cycle (Tittor et al., 1994 (Tittor et al., , 1995 . The resulting pump action is similar to that of the homologous chloride-pumping protein halorhodopsin (hR), which contains a threonine residue at the position corresponding to Asp-85 in bR; employing two photons, hR can also pump protons inwardly .
In this paper we compare the photoisomerization prod- 
MATERIALS AND METHODS
Molecular dynamics calculations described in this report were performed using the programs NAMD (Nelson et al., 1996) and X-PLOR (Brunger, 1988) , both of which implement the CHARMm force field (Brooks et al., 1983 The previously reported structure of bR568 (Fig. 1) , refined by means of molecular dynamics simulations (Humphrey et al., 1994) , was used as a starting point for all simulations of bR568, and served as the initial structure for the modeling of bR mutants. After initial construction, each mutant structure underwent 1000 steps of energy minimization, followed by a 15-ps MD simulation with frequent velocity rescaling to heat the system to 300 K, and a 5-ps MD simulation at 300 K with infrequent velocity rescaling. Harmonic restraints were applied to the oxygen atoms of the water molecules during this equilibration to maintain their positions.
The retinal charges, parameters, and modeling procedures for the photoisomerization process employed here were the same as those employed in the previous study . The photoisomerization procedure had been explained earlier as well in terms of ground-and excitedstate potential energy surfaces evaluated quantum chemically . Accordingly, retinal was induced to rotate about the C,3-C14 bond using the following procedure:
1. At t = 0, the conventional ground-state energy surface governing torsion around the C13-C14 bond was replaced by a potential surface describing the excited state with maxima at the all-trans and the 1 3-cis positions and a minimum at 90°. 2. At t = 250 fs, this potential surface was switched to one describing intersystem crossing and exhibiting a maximum at the all-trans position and a single minimum at 13-cis. 3. At t = 500 fs, the conventional ground-state energy surface with minima at the all-trans and the 13-cis positions was reinstalled for a period of 2.5 ps.
All simulations were carried out at T = 300 K. In all cases a barrier of 10 kcal/mol inhibited torsion around the CW4-C15 single bond.
After the construction and equilibration of the initial (all-trans) structure for each mutant, the systems were simulated for an additional 20 ps and the root mean square difference (RMSD) of each C,, atom was determined. The resulting RMSD for wild-type bR and its D85N, D85T, D212N, and Y57F mutants exhibited average values ranging between 0.5 A and 2 A, reflecting the structural stability of the bR mutants. Similar results were obtained for the RMSDs of the positions of water molecules.
MD simulations were then performed to model the initial photoisomerization reaction of bR568. As in the previous study , 50 independent simulations were performed, starting from the same protein configuration, but with different velocities chosen randomly from a Maxwell distribution at 300 K. After the initial velocity assignment, 100 fs of dynamics were performed, after which the simulated 3-ps photoisomerization reaction was carried out as described above. The overall procedure, summarized in Fig. 2 , resulted in a set of 50 photoproducts for each mutant.
RESULTS
The photoproducts resulting from each set of 50 simulated photoisomerization reactions for wild-type bR and its D85N, D85T, D212N, and Y57F mutants have been categorized based on the final configuration of the water molecules and the orientation of the N-H+ bond. To measure the latter orientation we determined the angle OSB between the line through the N-H+ group of retinal and the line connecting the Schiff base nitrogen with the carboxyl of Asp-96 (see Fig. 1 ). Four distinct sets of photoproducts, As a point of reference we consider first the results of simulated photoisomerizations for wild-type bR. We have extended previous simulations to confirm the earlier findings and to ensure proper comparison with the simulations of bR mutants discussed further below. In this study, 62% of the trials resulted in case 1 structures, and 32% of the trials resulted in case 2 structures; the remaining 6% of the cases failed to isomerize and remained all-trans. In the previous simulations , case 1 and case 2 photoproducts for the wild type occurred with similar frequency (58% and 36%, respectively). Case 2 structures arise through hydrogen bonding with water Wc as shown in Fig. 3 b, which helps stabilize the twisted retinal geometry; this is highlighted by the reduction of the case 2 photoproduct yield in simulations without an explicit hydrogen-bond energy term. It the latter case, 66% of the trials form case 1 structures, and only 20% form case 2 photoproducts.
Although case 1 structures occurred more frequently than case 2 structures, it was argued in the previous report yield analogous isomerization products with a significantly higher yield of case 2 products. Furthermore, the recent simulations result in more all-trans products, in accordance with the quantum yield of the photoreaction. D85N and D85T mutants Modification of the negatively charged Asp-85, the primary proton acceptor in the wild-type photocycle, to a neutral residue such as arginine or threonine has been shown to cause a 5-to 6-unit drop in retinal's Schiff base pKa (Mogi et al., 1988; Subramaniam et al., 1990) . Simulations of Asp-85 mutants described here were performed using a protonated Schiff base; thus they relate to experiments done at sufficiently low pH to maintain the Schiff base in a protonated state.
Simulated photoisomerization of the D85N mutant resulted in a large number of case 1 photoproducts (78%), an example of which is shown in Fig. 4 Simulated photoisomerization of the D85T mutant resulted in a distribution of photoproducts similar to that of the D85N mutant, with the difference being a slightly (6%) higher fraction of case 1 photoproducts. The same is true for the simulations without hydrogen-bond interactions, except for a slight (6%) yield of case 2 D85T structures not seen in the calculations with a hydrogen-bond term. In D85T case 1 simulations, ESB is more positive than the value of ESB for bR568 case 1 photoproducts, which is due, in the same way as seen for D85N, to the loss of a negative charge on residue 85. Also for case 1 photoproducts in the D85T simulations, the value for AESB is close to that for bR568; this result is comparable to the situation for D85N as well. The major differences between the D85T and D85N simulations are a preferred clockwise rotation direction in all D85T isomerization simulations, and a lower value for ESB. Fig. 4 b shows a case 1 photoproduct of the D85T mutant. 
D212N mutant
Simulations of the D212N mutant of bR were carried out assuming a protonated Schiff base. This is reasonable, as mutation of Asp-212 to a neutral form does not significantly lower the Schiff base pKa (Subramaniam et al., 1990 Schulten et al., 1995) suggested that case 2 photoproducts represent the structure of the K590 intermediate that actually initiates the proton pump cycle. In the previous study, two model potentials governing the excitedstate isomerization dynamics were considered: a surface with a 10 kcaLlmol barrier against torsion of the C14-C15 bond and a surface in which this barrier had been reduced to 2 kcal/mol . The simulations reported here employed only the first potential, which has a larger propensity to form case 1 and case 2 photoproducts rather than case 3 photoproducts.
Lack of case 2 products for D85N, D85T, and D212N bR For wild-type bR, 32% of the simulated photoproducts form case 2 structures. The Y57F mutant, which has been shown to undergo a functional photocycle with a deprotonated retinal Schiff base intermediate , forms case 2 photoproducts in 38% of the simulated isomerization reactions. The D85N, D85T, and D212N mutants, in contrast to the functional wild-type and Y57F mutants, represent nonfunctional systems, and do not form case 2 structures to any significant degree. In fact, replacement of Asp-85 by neutral residues has been observed to eliminate proton pumping activity (Mogi et al., 1988; Subramaniam et al., 1990 ; Otto et al., 1990) , and D212N mutants engage in pH values above 7) and form only a small fraction of deprotonated intermediates at lower pH values (Needleman et al., 1991) . Thus the occurrence of case 2 photoproducts in the mutants studied correlates with the proton pumping activity of these mutants. This supports the suggestion that case 2 structures represent the functionally important K590
intermediate Schulten et al., 1995) .
Energetics of case 1 and case 2 photoproducts How is the formation of case 1 and case 2 photoproducts controlled by native bR and its mutants? The lack of the primary proton acceptor group in the D85N and D85T mutants could be considered the primary reason for the lack of M412 formation in these mutants. However, D212N, which also fails to form a deprotonated retinal intermediate, does contain the proton acceptor Asp-85, which suggests that the reason for the elimination of pumping activity in certain bR mutants is due to electrostatic interactions. AESB, which measures the net electrostatic interaction between the Schiff base proton and the surrounding protein, differs significantly between case 1 and case 2 photoproducts for each mutant. The values of AESB for case 1 products are all in the range 13-16 kcal/mol, for both functional and nonfunctional mutants, whereas for case 2 products the values of AESB are close to zero. The hydrogen bond of the Schiff base proton to water Wc (see Fig. 3 b) stabilizes case 2 structures and maintains a pathway for proton transfer to Asp-85, and the loss of electrostatic attraction when a neutral residue replaces Asp-85 or Asp-212 destabilizes case 2 structures. This can explain why mutation of Asp-212 eliminates pumping activity, even though the Asp-85 proton acceptor is available: both mutations destabilize case 2 photoproducts and disrupt the retinal hydrogen-bond connection to the counterion vicinity.
Need to improve the description of the photoproduct yields A serious shortcoming of the present description is the low yield of case 2 photoproducts, which are suggested to initiate bR568's pump cycle, relative to case 1 photoproducts. One step in this respect should base the simulation of retinal's photoisomerization on separate ground-and excitedstate potential surfaces as outlined by Schulten et al. (1995) rather than employing a single surface, as in the present case. The simulations reported, here using a single potential energy surface, enforce a complete all-trans -> 1 3-cis isomerization and, accordingly, favor case 1 photoproducts. Recent classical/quantum mechanical simulations on the three potential surfaces suggested in have indeed resulted in satisfactory quantum yields (in preparation).
As discussed in our previous study of the wild-type photoisomerization , the quantum yield of bR of 0.64 ± 0.04 (Schneider et al., 1989; Govindjee et al., 1990; Tittor and Oesterhelt, 1990) indicates that many, but not all, of the photoreactions result in an isomerized retinal. The photoisomerization schedule employed here includes a step that introduces a bias toward completion of the all-trans -> 13-cis reaction, and, in our simulations, the fraction of 13-cis isomers is close to or exceeds the observed quantum yield. (Tittor et al., 1994 (Tittor et al., , 1995 . In this case, blue light is absorbed by bR with deprotonated all-trans retinal, the latter absorbing near 410 nm; retinal photoisomerizes to the 13-cis isomer, becomes protonated from Asp-96, reisomerizes thermally to alltrans, and forms again a mixture of protonated and deprotonated retinal. Illumination of the D85N and D85T mutants retinal, but no steady proton current is generated. However, addition of blue light induces a proton current, albeit in a direction opposite the current of native bR (Tittor et al., 1994 (Tittor et al., , 1995 . In this case the protonated retinal photoisomerizes through absorption of yellow light, releases its proton toward Asp-96, absorbs in the deprotonated form a blue photon, and returns to the initial retinal all-trans isomer, forming again a mixture of protonated and deprotonated retinal. This surprising reversal of the proton pump direction of the D85N and D85T mutants of bR can be reconciled in a straightforward way with the appearance of case 1 photoproducts, as demonstrated in Fig. 5 .
Direction of photoisomerization
The model in Fig. 5 extends a suggestion by Tittor and co-workers (Tittor et al., 1994 (Tittor et al., , 1995 , in that it introduces the case 1 structure into a scheme given by these authors. We suggest that protonated all-trans retinal photoisomerizes to a case 1 product, as shown in Fig. 3 Fig. 5 . The Schiff base nitrogen pointing toward the extracellular side can receive a proton from this direction, form the initial protonated all-trans retinal, and enter a new pump cycle, thus establishing a continuous inward current.
It is possible, however, to have case 2 photoproducts appear in this scheme, which would then simply return to the bRtrans state because of the lack of a proton acceptor. However, case 2 photoproducts are much less likely to appear, because of the changed electrostatic environment of the retinal binding site, and the disruption of the water structure in this region. Conversely, it is possible for case 1 products to occur in a functional photocycle of native bR, and thermally reisomerize back to the initial ground state while case 2 photoproducts continue the cycle. The quantum yield of the bR photocycle, which is less than unity (0.64 ± 0.04 ; Schneider et al., 1989; Govindjee et al., 1990; Tittor and Oesterhelt, 1990) , suggests this as a possibility. Although the bR mutant simulations reported here do not model all of the steps in the suggested model of reverse proton pumping, they do provide a possible mechanism for the initiation of the observed reverse pumping in D85N and D85T mutants.
Case I and case 2 photoproducts: both can have a functional role The inverted pump cycle in Fig. 5 hinges on the formation of a case 1 photoproduct. The model is consistent with the suggestion that case 2 photoproducts in bR initiate an outwardly pumping photocycle and that mutations abolishing this photoproduct and favoring case 1 products lead to an The question arises why such control switching between two photoproducts and two very different cycles might be advantageous to the bacterial host. Two answers suggest themselves. First, the protein halorhodopsin, a close analog of bR, lacks a negatively charged side group in place of Asp-85 in the retinal binding site. The protein shows the same reverse pump behavior as bR D85T mutants . Accordingly, the protein reverses the proton flow in the bacterial cell membrane under intense light conditions with both yellow and blue light present at sufficient intensities. Such reversal seems to be necessary to avoid overcharging the bacterial cell through a strictly unidirectional proton pump . One can conclude that the design of bR with two possible photoproducts, namely case 1 and case 2, lends itself to the design of halorhodopsin.
A second answer is also based on the fact that case 1 photoproducts either do not initiate proton pumping in the outward direction or, for some light conditions, initiate reversed proton pumping. The bistability of bR's photoproducts can induce a slippage in the proton pump (i.e., idle photocycles) by allowing a shift to case 1 products when a sufficient membrane potential has been generated. This potential would, indeed, have the same effect as neutralizing the Asp-85 negative charge favoring formation of case 1 products. We conclude that the bistability reflected in the appearance of case 1 and case 2 photoproducts might be a desirable, if not necessary, inefficiency of biological proton pumps.
